ABSTRACT Addition of 0.1-0.5 mM sodium PPi for 17 hr to confluent cultures of BALB/c 3T3 cells in low serum concentrations stimulated the incorporation of [3Hlthymidine into DNA to an extent equal to that produced by high serum concentration. PP; prevented much but not all of the cell detachment that accompanies decreasing the serum concentration of confluent cultures and it increased the saturation density of cultures in high serum concentrations. The stimulation had a sharp concentration dependence and was associated with the appearance in the medium of a flocculent precipitate. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. insoluble complexes of Ca2+, HP042, and/or PP1 interact with the cell membrane to produce responses similar to those induced by serum or hormones. The possibility is considered that pathological alterations in the intracellular availability of these normal cell constituents might be a source of abnormal growth behavior in the intact animal. METHODS BALB/c 3T3 cells obtained from J. Bartholomew were cultured in Vogt and Dulbecco's modification of Eagle's medium (DME) with 10% calf serum (5). They were seeded at 5 X 104 or 105 cells per 60-mm Falcon plastic petri dish and grown to confluency before use in experiments except when a growth curve of the cells was determined. During the experiments, the medium was changed as indicated. Chicken embryo fibroblasts were obtained from 10-day-old embryos and cultured as described (6). They were grown in medium 199 with 2% tryptose phosphate broth and 1% chicken serum. The use of DME with calf serum in the culture of the chicken embryo fibroblasts did not alter the results of experiments.
that water insoluble complexes of PP1, HP042-, and Ca2+ or, at much higher concentrations, the latter two together, stimulate 3T3 cells and we speculate that this is brought about by the association of these complexes with the cell membrane. We have proposed that the coordinate response of chicken embryo fibroblasts to external effectors is regulated by the availability of Mg2+ within the cell (1, 2) . In extending this concept to mouse 3T3 cells we found these cells to be inhibited by Mg2+ deprivation in a manner similar to that of the chicken fibroblasts (unpublished data). This deprivation can be brought about by limiting the Mg2+ in the medium in the presence of decreased [Ca2+] or by complexing the Mg2+ with large amounts of inorganic pyrophosphate (PPi). However, we also found that PP1 in concentrations much smaller than those of Mg2+ markedly stimulated DNA synthesis in the 3T3 cells, particularly when they were in the confluent, quiescent state. This stimulation was dependent on Ca2+ and inorganic orthophosphate (HP042-)* and it was correlated with the appearance of a flocculent precipitate in the medium. This led us to investigate the stimulation of 3T3 cells by large amounts of Ca2+ (in the absence of PPj) previously reported by Dulbecco and Elkington (4) . We found that this stimulation is also dependent on the presence of HP042-and is correlated with the formation of a precipitate. A similar stimulation, with precipitate formation, could be induced with the conventional concentrations of Ca2+ in tissue culture medium (-1.7 mM) by simply increasing the concentration of HP042 . In both the stimulation by PP1 and by supranormal [Ca2+] , most of the Ca2+ requirement could be met by Sr2+. The results suggest that
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Cultures were labeled with [3H]thymidine and processed for scintillation counting or autoradiography as described (6) . DME was prepared without Ca2 , Mg2+, HP042, or HCO3-for experiments in which any of these constituents were to be varied. Stock 100 mM aqueous solutions of the watersoluble chemicals used were made and diluted into the medium to achieve the desired concentration. The divalent cation ionophore A23187 was kept as a 2 mM solution in ethanol and diluted more than 1:100 in medium for experimental use.
RESULTS
Varying amounts of PPi were added to cultures containing varying concentrations of dialyzed calf serum for 17 hr, and the rate of [3H]thymidine incorporation and the total protein content were determined. In the absence of serum and PP1, there was extensive cell detachment ( Fig. 1) concentration of 1.0 mM, however, at which most of the stimulatory activity was lost, the precipitate persisted. As in the previous experiment, the stimulation went from nil to maximal with a small change in [PPj] .
In contrast to the requirement of Ca2+ for stimulation by PPi, Mg2+ interfered with the effect (Fig. 3) . Indeed, 2. (Fig. 5) (Fig. 7 upper) . The increased stimulation achieved by increasing the concentrations of Ca2+ or HP042-was accompanied by an increase in the turbidity of the medium (Fig.  7 lower) . Both (6) . The divalent cation ionophore A23187 was without effect in the range 10-8-10-7 M and was toxic at concentrations >10-6 M. of the Ca2+ in the PPi stimulation and that the Ca2+ ionophore A23187 is totally ineffective. That PPi itself would be a limiting factor seems even less likely. It is not needed for the growth of cells and is not present in conventional medium. Because PP1 is a product of many reactions associated with nucleic acid and protein synthesis, the presence of high concentrations of PPi in the cells would tend to inhibit these reactions which are essential for cell cycle traverse. HP042-is also an unlikely candidate as a direct control because neither its rate of uptake nor its pool size is limiting in the growth of 3T3 cells (14) . Substances that form soluble complexes with Ca2+, such as EGTA, EDTA, ADP, and ATP, have no stimulatory effect. Sodium tripolyphosphate causes a slight increase in turbidity within a narrow concentration range in Ca2+-containing medium (data not shown) but causes no gross precipitate or stimulation of the 3T3 cells. We think it likely, therefore, that the stimulation by PP1 is actually brought about by complexes of PPi, Ca2+, and HP042-that localize in the cell membrane, possibly because of the hydrophobicity, and stimulate the cell by altering the configuation of the membrane.
The complexes of PPi, Ca2+, and HP042 appear to have some specificity because they are ineffective in stimulating chicken embryo fibroblasts. Also, when the concentration of PPi is increased to 1.0 mM, it loses much of its stimulatory power, even though large amounts of the flocculent precipitate form. This is not due to its complexing of Mg2+, because this concentration of PPi has no effect on stimulation of the 3T3 cells by high concentrations of serum. we presume, associate with the surface membranes of the cell and act there to stimulate metabolism and growth.
These complexes have been shown to be effective only in BALB/c 3T3 cells and to have little or no effect in secondary hamster (4) and chicken embryo cells and BHK cells (4) . This raises once again the question of the true nature of the 3T3 cells. Although they arose from mouse embryo cultures that were fibroblastic in appearance (15) , and they have been referred to repeatedly as fibroblasts (4) , recent evidence indicates they are more closely related to cells involved in blood vessel formation (16) . Their sensitivity to stimulation by complexes of phosphates and Ca2+ may reflect the special vasoformative nature of these cells.
Finally, it should be kept in mind that PPi, Ca2+, and HP042-are normal cellular constitutents. Although Ca2+ normally occurs in cells at concentrations far below those required for precipitation with the phosphate compounds, under certain conditions, massive amounts of Ca2+ and phosphate can accumulate (17) . Any defect that increases intracellular [Ca2+], such as an inward Ca2+ leak, could lead to the formation of growth-stimulatory complexes with inorganic phosphates and, if sustained, to tumor formation.
